In this study, robust and defect-free thin film composite (TFC) forward osmosis (FO) membranes have been successfully fabricated using ceramic hollow fibers as the substrate. Polydopamine (PDA) coating under controlled conditions is effective to reduce the surface pores of the substrate and make the substrate smooth enough for the 
Introduction
Forward Osmosis (FO) is a process where there is net movement of water across a selectively permeable membrane from the feed solution to draw solution. The natural driving force is resulted from the osmotic pressure difference between the two solutions [1, 2] . Compared with conventional pressure driven membrane processes such as reverse osmosis (RO), FO has the merits of high water recovery rate, minimized brine discharge, low fouling propensity, and low energy requirements [3] [4] [5] . Thus, FO has been considered as a promising membrane technology for various disciplines, such as wastewater reclamation [6] , seawater desalination [7] , protein or pharmaceutical enrichment [8, 9] , and food processing [10] .
In the last decade, many efforts have been put on FO research and remarkable progress has been made on the two essential components of FO, one being the semipermeable membrane which has excellent water permeability and rejection to any solutes and the other being the reagent named as draw solution which has high osmotic pressure [11, 12] . FO membranes with various configurations such as flat sheet, hollow fiber, and thin film composite (TFC) have been developed from cellulose acetate (CA), cellulose triacetate (CTA), polybenzimidazole (PBI), polyamide, and polyamide-imide (PAI) etc. [13] [14] [15] [16] [17] [18] [19] . However, only cellulose triacetate (CTA), and polyamide thin film composite (TFC) membranes are available in commercial scale. The most important properties of FO membranes are the water permeability coefficient, solute permeability coefficient, hydrophilicity, and the sublayer structure. In terms of water permeability and solute permeability, polyamide TFC membranes are generally better than CTA membranes.
Polyamide TFC FO membranes are exclusively prepared via an interfacial polymerization process. To achieve desired water flux, previous research works have Copyright [12] , and modification of the support matrix by incorporating functional materials such as nanotube [20] .
Despite the significant improvements, one big challenge that hinders their universal applications is the flat sheet configuration, which cannot offer high packing density [21] . Single-and dual-layer hollow fiber membranes have been also developed and displayed promising FO performance [15, 22] . However, the limitation of these self-supported hollow fiber membranes is the small internal diameter, which is normally below 1 mm.
As such, laminar flow is normally applied in the lumen side (either flowing the feed or draw solution) in order to mitigate the pressure buildup. In consequence, the influence of boundary layer on the FO performance is significant and the operation conditions are not suitable for large scale processes. Furthermore, the substrate of TFC FO membranes is mainly polymer based and it is made highly porous to reduce the resistance for water transport. The substrate is thus mechanically weak and could not guarantee the integrity of the selective layer as it easily collapses. To form thin polyamide separating layer on strong tubular inorganic substrate through interfacial polymerization might be the potential solution to concurrently achieve high packing density, excellent mechanical robustness, and desired turbulent flow [23] . [24] . 
Fabrication of TFC membrane

Study of membrane morphology
The morphology of the pristine ceramic hollow fiber membranes and the membranes after cleaning, PDA coating and interfacial polymerization was inspected using a Field Emission Scanning Electron Microscope (FESEM, JEOL JSM-7600F, Japan). For FESEM inspection, the membrane samples were fractured and coated with platinum using a sputtering coater (JEOL JFC-1600, Japan).
Membrane characterization through FO experiments
After thoroughly dried at room temperature, one piece of ceramic hollow fiber TFC membrane was mounted into a Φ3/8 inch stainless steel tubing and two ends were sealed with epoxy resin to assemble the membrane module. The membrane modules were subjected to FO tests using 4 dilute NaCl draw solutions with the active layer facing the feed (AL-FS mode).
During the FO tests, the concentration of the draw solution was changed in each stage of the experiment following the method reported by Tiraferri and co-workers [25] .
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Performance evaluation through FO tests
The FO performance of the ceramic TFC hollow fiber membranes was examined by using a lab-scale FO set-up and the detailed testing procedure was described elsewhere [13] . Aqueous solutions of two types of draw solute, i.e., NaCl and proprietary FeNaCA, were used as draw solutions. The volumetric flow rates on the lumen and shell sides were fixed at 0.3 L·min FO test was subjected to the Circular Dichroism (CD) spectra measurement using a Jasco Spectropolarimeter (Model J-800, Japan).
Results and discussion
Membrane morphology
As shown in Figure 1 , the pristine ceramic hollow fiber membranes have asymmetric structure with the inner surface smoother and denser than the outer surface.
The inner surface is chosen as the surface for the PDA coating and the formation of polyamide selective layer.
The average pore size of the ceramic membranes is around 20 nm and some voids or defects with relatively large dimension can be seen on the inner surface. The idea of coating PDA at the inner surface of the ceramic hollow fiber membranes is to slightly reduce the size of the surface pores and make the surface smoother, both of which are crucial to the formation of defect-free polyamide layer [26, 27] . The inner surface of the ceramic hollow fiber membranes changes its color from white to brown after PDA coating as observed by bare eyes and this confirms the success in the coating. shows a typical "ridge-and-valley" morphology [26, 27] . The thin polyamide film of the prepared membrane is the selective layer whose nature primarily determines the water permeation and solute rejection characteristics.
Characteristics of draw solutions
As the osmotic pressure difference across the membrane is the driving force in the FO process, draw solutions at increased concentrations are always expected to achieve high water flux. The most popular draw solute used in scientific research is NaCl because it is cheap and its aqueous solution offers acceptable osmotic pressure. The serious issue of NaCl-based draw solutions is the reverse permeation, not only losing NaCl draw solutes but also contaminating the feed (for the cases of liquid product enrichment). Recently, FeNaCA has been synthesized in our lab and its aqueous solutions were also used as draw solutions in FO tests. [28] . Nevertheless, the relative viscosity of FeNaCA solutions is comparable to polyacrylic acid sodium (PAA-Na) solutions at similar osmotic pressures [29] .
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Intrinsic properties of the ceramic TFC hollow fiber membranes
Initially, the ceramic TFC hollow fiber membranes were subjected to water permeation tests in order to determine the pure water permeability. (Figure 4) . Following the methods by Tiraferri and co-workers [25] , the values of A, B and are determined at 0. [26, 27, 30] . The draw solute permeability has a very small value of 0.186 LMH, indicating the excellent permselectivity of the ceramic TFC hollow fiber membranes. This is extremely important for this study which aims at liquid product enrichment. Low draw solute permeability means less draw solutes reversely permeating to the feed side, not only reducing the frequency to top up draw solutes in order to maintain the productivity but also largely mitigating the influence of draw solutes on the purity of the enriched product (e.g., liquid food as the feed). The relatively large S value of 1720 µm is resulted from the wall thickness (500 m), of the pristine ceramic hollow fibers. Though large S value means more serious internal concentration polarization, the high porosity of the ceramic substrate would significantly reduce the resistance to water transport and this would definitely cancel out the negative effect of the prolonged travel distance (equivalent to fiber wall thickness) of water molecules. Moreover, the thick fiber wall make the membrane more robust and allow the thin polyamide layer to perform stably under various conditions.
FO Performance
As discussed in Section 3. For both draw solutions, the water flux increases with increasing the osmotic pressure while FeNaCA draw solutions always create higher water fluxes than NaCl draw solutions at the same osmotic pressures. The increase in the water flux is not directly proportional to the increase of osmotic pressure due to the dilution effect,
i.e., dilutive concentration polarization, which is obviously more serious at DS-SL mode and the trend is consistent with previous studies [31, 32] . It is known that many liquid products or aqueous solutions of the products need to be concentrated in the production process while they are opt to be denatured by inorganic salts or are sensitive to heating at elevated temperatures. One of such products is protein which is labile and heat sensitive. However, protein enrichment is an essential step in protein production [33] . With BSA as the model protein, the ceramic TFC hollow fiber membranes are evaluated for protein enrichment in the FO process with NaCl or FeNaCA draw solutions at 47.6 bar osmotic pressure. It would be necessary to understand whether BSA protein maintains its original property after FO enrichment. CD spectrum is a valuable tool for assessing the structural relationships between native and recombinant protein as well as wild-type and mutant protein [34] . For BSA in aqueous solution, the CD spectrum is characteristic of chromophores of peptide bond, monitored by the two well-defined ellipticity values at 208 and 222 nm, respectively, due to π→π* and n → π* transition in the peptide bonds of α-helix [33] . To investigate the possible influence of reversely leaked FeNaCA or NaCl solutes on BSA, BSA solutions before and after FO enrichment were subjected to CD measurement and the CD spectra are presented in Figure 7 . Figure 7 ; CD spectra of original and FO-enriched BSA.
After FO enrichment, CD spectra show the reduction in negative ellipticity without significant shift of the peaks. This means that the decrease of α-helix content might be resulted from the aggregation induced by conformational changes of BSA [35] . It is noticed that the broad peak centered at 208 nm becomes a little narrower and sharper after FO enrichment using NaCl draw solution. This change indicates that the structure of BSA is denatured by NaCl leaked from the draw solution. There would be mutant in the BSA solution at higher NaCl concentrations. Whilst, BSA
enriched by FeNaCA draw solution shows a peak at 208 nm that is almost identical to that of the original BSA.
This is another experimental observation proving that
FeNaCA is a desired draw solute.
Conclusion
Robust and defect-free ceramic TFC hollow fiber membranes have been developed and studied for FO 
